A cataract is a clouding of the crystalline lens that reduces the amount of incoming light and impairs visual perception. Phacoemulsification is the most common surgical method for treating advanced cataracts, and determining the optimal phacoemulsification energy is dependent on measuring the hardness of the lens. This study explored the feasibility of using an ultrasonic parametric image based on the Nakagami distribution to quantify the lens hardness. Young's modulus was measured in porcine lenses in which cataracts had been artificially induced. High-frequency ultrasound at 35 MHz was used to obtain the B-mode and Nakagami images of the cataract lenses. The averaged integrated backscatter and Nakagami parameters were also estimated in the region of interest. The experimental results show that the conventional B-scan and integrated backscatter are inadequate for quantifying the lens hardness, whereas Nakagami imaging allows different degrees of lens hardening to be distinguished both globally and locally based on the concentration of fiber coemption therein.
Introduction
A cataract is a clouding of the normally transparent crystalline lens of the eye due to factors such as ageing, lens damage and heredity. The formation of a cataract can be treated as a process of lens fibrosis, whereby both protein aggregation and fiber coemption occur inside the lens (Tabandeh et al 2000 , Kanski 2006 ). The lens fibrosis not only results in blurred vision but also increases the hardness of the lens. The initial stage of cataract formation can generally be mitigated using a medical eyewash. However, phacoemulsification is typically applied to advanced cataracts to replace the turbid lens of the patient with an artificial one so as to recover the vision. The lens hardness significantly influences the optimal ultrasonic energy in phacoemulsification, where optimizing the energy improves the efficiency of the surgery and reduces the injury to the lens capsule and corneal endothelium. Consequently, the hardness of the lens should be evaluated before performing phacoemulsification surgery.
Several ultrasound-based methods have been explored for measuring the hardness of the cataract lenses (Sugata et al 1992 , Tabandeh et al 2000 , Paunksnis et al 2003 , Raitelaitienė et al 2004 , Kurapkienė et al 2005 , Huang et al 2007a , 2007b . Typically, this involves measuring the two echo signals returned from the anterior and posterior interfaces of the lens following stimulation by a single-element ultrasonic transducer positioned outside the eyeball. The sound velocity and attenuation are then estimated from differences in the times of flight of the two echoes and the power spectra of the echoes, respectively. The above studies have demonstrated that both the ultrasonic attenuation and sound velocity tend to increase with the hardness of the cataract lens.
High-frequency ultrasound is also used to locally characterize cataract formation, since a high-frequency ultrasonic B-mode image clearly displays lens structures. Also, the ultrasonographic appearance of the cataract lens differs from that of the normal lens, since optical opacities produce acoustic inhomogeneity, with the cataract area exhibiting high echogenicity (Coleman et al 2006) . However, the brightness of the ultrasonic B-scan varies with user experience and the system settings, such as the gain, dynamic range and other signal/image processing settings. This results in the B-scan providing only a qualitative description of the cataract lens, limiting the ability to quantify the properties of the cataract lens from the hardness information.
To better characterize the cataract lens, we may further image the cataract lens by ultrasound parameters to reflect the properties of scatterers in the lens. Among all possibilities, the recently proposed ultrasonic parametric imaging based on the Nakagami parameter has a great potential in scatterer analysis (Tsui and Chang 2007) . The Nakagami parameter is a shape parameter of the Nakagami statistical distribution that determines the statistical distribution of the ultrasonic backscattered envelope (Hampshire et al 1988 , Zimmer et al 1996 , Shankar 2000 , 2004 , Wachowiak et al 2002 , Shankar et al 2003 , Nadarajah 2007 . The probability density function f (r) of the ultrasonic backscattered envelope R under the Nakagami statistical model is given by
where (·) and U(·) are the gamma function and the unit step function, respectively. If E(·) denotes the statistical mean, the scaling parameter and the Nakagami parameter m associated with the Nakagami distribution can be respectively obtained from and
The statistics of the backscattered envelope changes from a pre-Rayleigh distribution to a Rayleigh distribution as m varies from 0 to 1, and is a post-Rayleigh distribution when m is larger than 1, as shown in figure 1 . In other words, the Nakagami distribution can be treated as a general model to describe all the backscattered statistics encountered in medical ultrasound: pre-Rayleigh, Rayleigh and post-Rayleigh distributions. Because the statistics of the backscattered echoes vary with the scatterer concentration (Shankar 2000, Tsui and Wang 2004) , the Nakagami image can be used to differentiate the scatterer concentrations in a tissue (Tsui and Chang 2007) . This study explored the feasibility of using the Nakagami image to characterize the cataract lens. We measured Young's modulus in cataracts at different stages that were artificially induced in porcine lenses in vitro. The samples were scanned to obtain the B-mode and Nakagami images, and both the averaged integrated backscatter and the Nakagami parameters in the regions of interest were compared with Young's modulus to evaluate the performance of the Nakagami image in quantifying the lens hardness. Here, we also comment on the possible roles of the Nakagami image in cataract diagnosis and treatment.
Materials and methods

Lens sample
Five porcine eyes collected from a local slaughterhouse were used as experimental samples. A surgical knife was used to separate the lenses from the eyes. The lens was then washed carefully with a saline buffer solution to clean the iris remnants and adhering vitreous. The thickness and weight of the lenses were approximately 7.46 ± 0.21 (mean ± SD) mm and 0.48 ± 0.009 g, respectively. To induce the cataract, the lenses were immersed in a mixture solution of ethanol, 2-propanol and formalin at a ratio of 3:3:4. With increasing immersion time, the lens hardness increases accordingly (Sugiura et al 1999) . The hardness of the cataract lens was evaluated by measuring Young's modulus using a commercial mechanical device (ElectroForce 3100 Test Instrument, Bose Corporation, Minnesota). First of all, the lens placed on a flat holder was compressed by a circular metal disc, which is driven by a linear motor. Then, the compression force and resulting deformation of the lens were measured using the built-in sensors in the device. The strain rate of the measurement system is 0.02 s
. The relationship between the stress and strain was calculated with the strain defined as the ratio of the total deformation to the initial thickness. Young's modulus for each specimen at the immersion times of 40, 80, 120 and 160 min was computed from the slope of the stress-strain curve.
Experimental setup
The experimental setup is shown in figure 2. Prior to measurements, the lens samples were placed on a rectangular polyurethane holder. The distance between the transducer and capsule was about 11 mm. An ultrasonic transducer (NIH Ultrasonic Transducer Resource Center, USC, CA) with a central frequency of 35 MHz was used. The characteristics and pulseecho tests of the transducer are listed in table 1 and shown in figure 3, respectively. Both the transducer and the lens samples were immersed in a saline buffer solution with a room temperature of about 25.0
• C. The transducer movement was controlled using the motor stage and accessory controller (Parker Hannifin Corp., Cleveland, OH). An ultrasonic pulser (AVB2-TB-C, Avtech Electrosystems Ltd, Ottawa, Ontario, Canada) was used to drive the transducer through an expander (Matec Instruments Company, Northborough, MA) and a T-junction. The radio-frequency (RF) ultrasound signals received from the lens were subsequently amplified by a low-noise amplifier (Miteq 1166, Miteq Inc., Hauppauge, NY), filtered by a band-pass filter (Model BIF-50, Mini-Circuits, Brooklyn, NY) and digitalized using a 14 bit analog-todigital converter (ADC) (CS14200, Gage Applied Technologies, Inc., Lachine, QC, Canada) at a sampling rate of 200 MHz. Note that an electronic limiter (Matec Instruments Company, Northborough, MA) was in front of ADC for protection purposes. For each lens at the immersion times of 40, 80, 120 and 160 min, the image scanning was performed to acquire a total of 1000 A-lines of backscattered signals. The distance between each scan-line is 12 µm. Each scan-line was then demodulated to obtain the envelope image of the lens. The B-mode image is displayed based on the log-compressed envelope image with a dynamic range of 40 dB. The typical B-mode images of a normal and a cataract lens are shown in figures 4(a) and (b), respectively.
Nakagami image formation
The procedure of Nakagami imaging refers to our previous study (Tsui and Chang 2007) . Here, we briefly review this procedure as follows. The Nakagami image is based on the Nakagami parameter map, which is constructed using a square sliding window to process the envelope image (no log-compression). This mainly contains two steps:
(1) A square window within the lens envelope image is used to collect the local backscattered envelopes for estimating the local Nakagami parameter m w . The parameter m w is assigned as the new pixel located in the center of the window. (2) Let the window move throughout the whole envelope image in steps of one pixel, and repeat step 1. Thus, the Nakagami image of the cataract lens can be constructed using the map of the parameter m w .
Note that the window size determines the resolution of the Nakagami image. As the window size decreases, the resolution of the Nakagami image gets better. However, the small window has fewer envelope data points, leading to an unstable estimation of the parameter m w . Therefore, prior to the construction of the Nakagami image, the optimal size of the window that can simultaneously satisfy both the stable estimation of m w and an acceptable resolution of the Nakagami image needed to be determined. The steps to determine the appropriate window size are
(1) A reference phantom with a homogeneous medium is scanned to obtain its envelope image. Each envelope signal of the image scan-line is used to calculate the Nakagami parameter m. The average Nakagami parameterm is calculated by averaging all m parameters. Under the condition that the length of the envelope signal is long enough to satisfy the stable estimation of m,m can be treated as an indicator of the global backscattered statistics of the scanning region. (2) Each m w in the scanning region and their average valuem w are subsequently estimated using different increasing sizes of the sliding window. Assuming that the window size is large enough (but no too large) to satisfy the stable estimation of the parameter m w , the result ofm w should approach that ofm to reflect the identical global backscattered statistics. Consequently, the optimal window size is determined oncem w =m.
Based on the conclusion in our previous study (Tsui and Chang 2007) , the size of the sliding window used to construct the Nakagami image is the square with the length of a side equal to three times the pulselength of incident ultrasound. For this reason, we constructed the Nakagami images of the lenses using a square window with a size of 231 µm × 231 µm.
To clearly reveal the information of the Nakagami image, the pseudocolor was applied to display the Nakagami parameter map. The parameters m w smaller than 1 were assigned the blue shades varying from deep to shallow with the increasing parameter value, representing various pre-Rayleigh statistics of the backscattered envelope. When m w equaled 1, the shade was white to express the Rayleigh distribution, and those larger than 1 were assigned the shades of progressive red color in accordance with the increasing parameter value, indicating the incremental degree of the post-Rayleigh distributions in the backscattered statistics.
Parameters analysis
After forming the B-mode and Nakagami images of the lens, we further calculated the averaged integrated backscatter (IB, denoted by IB) andm w of the region of interest (ROI) 
where S r (f ) and S ref (f ) are Fourier-transform-based power spectra of the RF signals returned from the tissues and the quartz flat reflector in the distilled water, respectively, and f 1 and f 2 denote the lower and upper frequencies of the −6 dB bandwidth of the spectrum. Therefore, IB is obtained by averaging all IB estimated from each A-line in the ROI, andm w is calculated by averaging all m w in the ROI. Figure 5 shows that the measured Young's modulus of the lens increased from approximately 8 to 100 kPa as the immersion time increased from 40 to 160 min (correlation coefficient r = 0.99), corresponding to a rate of increase of 0.77 kPa min −1 . Figure 6 (a) shows the B-mode image of the normal lens. Figures 6(b) -(e) show the B-mode images of the cataract lens for different immersion times at 40, 80, 120 and 160 min, respectively, which clearly show the internal structures and cataract areas containing fiber coemption. It was found that the image brightness of the lens front interface (i.e., capsule) increased with increasing the immersion time, representing that the echo reflection at the capsule increases with the lens hardness. However, the variation of the brightness in the B-scan appears weak and may depend on the system settings (e.g., dynamic range and system gain) and user experiences. Therefore, the B-mode image may be limited when used to detect the hardness of the lens tissue. To further check this point, we calculated IB in the ROI as a function of the immersion time, as shown in figure 7, to quantify how the intensities of the ultrasonic echoes differed with the stage of the cataract. The linear fitting shows that IB increased from −168 to −164 dB with increasing the immersion time from 40 to 160 min (r = 0.31). This corresponds to a rate of increase at 0.033 dB min −1 . IB did not change significantly and had a large variance while the lens was immersed in the mixture solution, indicating that the backscattering intensity may be weak to differentiate the hardness of the cataract lens. This can be further demonstrated by comparing the integrated backscatter and Young's modulus, as shown in figure 8. This result shows that IB increased from −168 to −164 dB as Young's modulus increased from 8 to 100 kPa. This corresponds to a rate of increase at 0.043 dB kPa −1 . As a result, the correlation between the integrated backscatter and Young's modulus was not very good (r = 0.35). The reason may be due to the echogenicity being largely unaffected by protein aggregation and fiber coemption, resulting in negligible effects on the amplitudes of the backscattered signals.
Results and discussion
Figures 6(f)-(j) show the Nakagami images corresponding to the B-mode images in figures 6(a)-(e). Most dark shadings in the Nakagami images corresponded to the background (saline buffer solution) and the transparent portions of the lens. This is because these regions essentially have few scatterers inside, and the backscattered statistics tends to be pre-Rayleigh distributions. Note that blue shading was more evident in the cataract regions in the Nakagami images for shorter immersion times, which indicates that the statistics of the local ultrasonic backscattered envelope were dominated by a pre-Rayleigh distribution (m w < 1). Increasing the immersion time resulted in more red shading in the ROIs of the Nakagami images, indicating that the primary statistical distribution of the local envelope followed post-Rayleigh statistics (m w > 1). The average value of m w in the ROI,m w , is plotted as a function of the immersion time in figure 9 , which shows thatm w increased from about 0.3 to 0.8 as the immersion time increased from 40 to 160 min (r = 0.89), corresponding to a rate of increase of 0.004 min −1 . This indicates that the global statistics of the backscattered envelope in the ROI varied from a pre-Rayleigh distribution to roughly a Rayleigh distribution as the immersion time increased. Figure 10 plotsm w versus Young's modulus of the cataract lens for different immersion times and shows thatm w increased from 0.3 to 0.8 as Young's modulus increased from 8 to 100 kPa, corresponding to a rate of increase of 0.005 kPa −1 (r = 0.86). The high correlation coefficient indicates that the Nakagami image is suitable for locally distinguishing variations in the hardness of the cataract lens. Moreover, the overall lens hardness can be determined by averaging all the m w values in the ROI in the Nakagami image.
It must be noted that the blue and red shadings in the Nakagami images were caused by the interior variation of the structures in the lens instead of the lens front edge (capsule). This is because the thickness of the capsule is around 0.2 mm and the sliding window size is 0.23 mm × 0.23 mm. It means that the capsule thickness is smaller or comparable to the resolution of the Nakagami parametric image. Consequently, when the sliding window moves onto the capsule, the window not only covers the signals from the front interface but also contains those from partial background or lens. Because the front interface contributes stronger echoes than the background and lens do, the statistical distribution of the backscattered envelopes acquired by the window would tend to be pre-Rayleigh statistics, rendering the Nakagami parameter small and that the capsule has dark blue shadings in the Nakagami image. This may be called the subresolvable effect of Nakagami imaging. In other words, if the sliding window does not include the capsule, the Nakagami image can more accurately reflect the change in the backscattered statistics from pre-Rayleigh to post-Rayleigh due to the lens hardening.
The mechanism underlying how Nakagami techniques (i.e., m w estimation and the corresponding mapping) could be used in medical ultrasound to differentiate the lens hardness is not yet clear, but possible explanations are given below. The protein aggregation and fiber coemption that occur in the lens in the presence of a cataract increase the lens hardness. If the lens tissue is modeled as a collection of scatterers, cataract formation involves changing the arrangement and concentration of these scatterers corresponding to protein and fibers, and accordingly detecting the variation in the scatterer concentration of the lens is integral to determining the hardness of the cataract lens. Although the term 'scatterer concentration' is a theoretical concept in real biological tissues, it is still possible to indirectly estimate the scatterer concentrations in tissues by analyzing the statistical distribution of the backscattered envelopes. This is because the ultrasonic backscattered statistics varies with the scatterer concentration, as verified by computer simulations and phantom experiments (Shankar 2000, Tsui and Wang 2004) . It is worthwhile to refer to some literatures for understanding the relationship between the backscattered statistics and the scatterer arrangements. The envelope statistics of the Rayleigh distribution occurs when the resolution cell of the ultrasonic transducer contains a large number of randomly distributed scatterers (Burckhardt 1978) . If the resolution cell contains the scatterers that have randomly varying scattering cross sections with a comparatively high degree of variance, the envelope statistics are pre-Rayleigh distributions, and as the resolution cell contains the periodically located scatterers in addition to the randomly distributed scatterers, the envelope statistics are post-Rayleigh distributions (Shankar 2000 , Shankar et al 2001 . Consequently, for a normal lens, we can see that the statistical distribution of the backscattered envelope is extremely pre-Rayleigh statistics (m w 1) (figure 6(f)). In other words, the lens has nearly no scatterer (i.e., no lens fibrosis). Figures 6(g) and 10 indicate that the global and local backscattered statistics in the early stage of cataract formation (i.e., with a short immersion time) have a pre-Rayleigh distribution (m w < 1 in the ROI, with m w < 1 mostly). Therefore, the scatterer concentration can be considered to be comparatively low in the cataract region of the lens, which corresponds to little protein aggregation and fiber coemption being present in the initial stage of cataract formation. For cataracts at later stages, the global backscattered statistics of the ROI gradually approaches a Rayleigh distribution (m w ≈ 1 in the ROI) (figure 10), with the local statistics of the ultrasonic envelopes represented by different degrees of a post-Rayleigh distribution (m w > 1 mostly) (figures 6(h)-(j)). The long immersion times required to form a cataract lens strongly induce protein aggregation and fiber coemption, causing the scatterer concentration to increase.
Concluding remarks
In this study, we explored the usefulness of Nakagami imaging in characterizing cataract lenses by investigating porcine eyes using 35 MHz high-frequency ultrasound. The results have shown that the B-mode image clearly reveals the structures of the cataract lens, but it is difficult to use this and the associated IB to determine the lens hardness. In contrast, Nakagami imaging can be used to distinguish both global and local variations in the lens hardness. This is because the scatterer concentration of the fiber coemption-which is mainly responsible for the increase in the lens hardness during cataract formation-can be quantified using the Nakagami technique to analyze the statistical distribution of the ultrasonic backscattered echoes. The presented experimental findings show that Nakagami imaging has great potential to complement conventional B-scans in simultaneously evaluating the structure and elastic properties of the lens. This information may help in determining the optimal energy to apply during phacoemulsification. Nevertheless, experimental and clinical validations must be carried out before the Nakagami image can be used as a reliable clinical tool in ophthalmology applications.
